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ABSTRACT Acoustic lenses composed of metamaterials are used as highly anisotropic subwavelength media 
and have broad applications in a wide range of industrial areas. As reported in recent research, an acoustic lens 
composed of a cross-shaped structure can achieve high-intensity 3D focusing in an underwater system. However, 
the operating characteristics of this lens at different frequencies have not been studied in detail until now. In this 
work, we studied the focusing performance of a particular acoustic lens at different working frequencies, and the 
band structure, wave intensity distribution, reflection and transmission coefficients, and refractive index of a unit 
cell were investigated, as well as the characteristics of the acoustic lens through a simulation and experiment. Er-
rors were minimized in the experiments through reasonable design, and we found that although the wave inten-
sity of a single unit cell decreased as the frequency increased, in the acoustic lens, the intensity of the sound field 
at its focal point increased with the frequency. The present research provides an improved method for designing 
acoustic lenses with different working frequencies and can guide nondestructive testing (NDT) and biomedical 
treatment. 
 




A phononic crystal, also known as an acoustic bandgap ma-
terial, is a functional composite with a spatially periodic 
structure [1–5]. Phononic crystals have important applica-
tions and research prospects in the fields of noise control, 
acoustic stealth, filtering, and acoustic focusing control [6–9]. 
Whether they act as carriers of information or determiners of 
energy orientation, sound waves are subject to energy attenu-
ation during the propagation process [10–12]. This energy 
loss is not only due to the expansion of the wave-front but 
also the acoustic absorption of the propagating medium and 
the scattering and absorption of scatterers. Therefore, to ef-
fectively use sound energy, it is necessary to adopt certain 
technical methods and equipment to focus sound waves. Fur-
thermore, the focusing of sound field energy has also been 
used for many purposes, such as nondestructive testing 
(NDT), medical treatment, and industrial applications [13,14]. 
Recently proposed methods that enable acoustic focusing in-
clude medium reflection focusing, phase control, phased ar-
ray focusing, and acoustic lens focusing [15]. Acoustic lens 
focusing is a low-cost, high-efficiency method in practical ap-
plications, especially in underwater systems [16]. Since the 
velocity of sound waves in an acoustic metamaterial is lower 
than the speed of sound in the medium and the acoustic lens 
can achieve low-frequency focusing, the size of an acoustic 
lens can be limited to a desired range [17–21]. Therefore, an 
acoustic lens constructed using an acoustic metamaterial can 
effectively focus sound waves. In recent years, the structures, 
materials, and working conditions of composite metamaterial 
acoustic lenses have been improved. Ruan et al., in 2019, pro-
posed a 3D underwater acoustic lens using steel rods that 
could achieve wave focusing, and the structure of a unit cell 
of this lens was a cross shape (‘‘+”) [22]. In that paper, the 
focal length along the x-axis determined by experiments and 
numerical simulations was studied at different frequencies, 
which led to the conclusion that as the frequency grows, the 
focal distance is lengthened. However, the reason why the fo-
cal length increases was still not discussed in more detail, and 
error was taken as a possible explanation. Therefore, the per-
formance of the structure pro posed in this paper for a com-
posite acoustic lens should be properly studied at different 
frequencies. In this way, the function of such an acoustic lens 
can be further improved. 
In this work, a 3D acoustic focusing composite lens in an un-
derwater system was studied at different frequencies. The re-
flection and transmission coefficients were calculated 
through the finite element method (FEM) using COMSOL 
software, and the refractive indexes were obtained. For a unit 
cell of the composite lens, the sound intensity distributions in 
the x and y directions were simulated and plotted. Moreover, 
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the wave intensity magnitudes at different frequencies for 
acoustic lenses were studied in both simulations and experi-
ments, and the results of both were in good agreement. 
   
2. Method 
 
  To study the focusing effect of an acoustic lens and the 
characteristics of a unit cell, a geometric model is established 
as shown in Fig. 1. The size of the lens is 156 x 324 x 208 
mm3, as shown in Fig. 1(a), and the direction of the three axes 
is also defined in this figure. Fig. 1(b) shows the geometry of 
a cross structure with a lattice constant of 12 mm and a rod-
edge thickness of 3 mm. In the simulation, the acoustic com-
ponent in COMSOL is utilized and perfect match layers 
(PMLs) are applied to the boundaries to minimize the reflec-
tion [6]. The meshing for the model is given in Fig. 2 and the 
meshing parameters are listed in Table 1. The dimensions of 
the calculation domain are 1600 x 600 x 208 mm3. Moreover, 
the mesh in the lens area is refined to reduce numerical errors. 
A fine tetrahedral meshing is used in the acoustic lens area, 
and a larger rectangular meshing with more consistent perfor-
mance is used in the acoustic field radiation area. 
 
   
 
Fig.1. Geometric model of (a) a composite lens, and (b) a 
unit cell. The Γ-X-M-Γ path is the boundary of the irreduci-












Number of units 2,4,53,804 
Average quality 0.9829 
Number of vertices 559,277 




Fig. 3. Band structure of a unit cell along the irreducible 
Brillouin zone’s boundaries. 
 
The band structure (Fig. 3) along the Γ-X-M-Γ path (the 
green line in Fig. 1(b)) of the irreducible Brillouin zone in 
the x-y plane is calculated using the finite difference time-
domain (FDTD) method [23]. This is a numerical method 
for directly transforming the wave equation into a differen-
tial equation in the time domain and the spatial domain. This 
equation can calculate complex structures accurately, as well 
as the nonuniformity, anisotropy, dispersion and nonlinear 
characteristics of the medium. The band structure can be cal-
culated by the eigen equation: 
 
Where u(r) is the displacement vector u at the position 
vector r, G is the inverse vector, B is the periodic lattice 
in Fourier space, and k is the wave vector. Assuming that 
the Bloch periodic boundary condition holds, the pattern 
in the phononic crystal is a set of continuous functions, 
and n is the band coefficient. In the calculation, the selec-
tion of the Bloch vector is not unique. Usually, the unit 
with the smallest modulus value is selected, and a collec-
tion of such units is called the first Brillouin zone (BZ): 
 
where K3 is the Fourier space (also called the wave vector 
space). Therefore, in Eq. (2), the reciprocal space enclosed 
by the vertical bisector of the line connecting the origin to 
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the nearest neighboring inverted point is an irreducible Bril-
louin zone. Due to the periodicity of the crystal structure, we 
can obtain the band structure by calculating the boundary 
wave vectors of the irreducible Brillouin zone. Therefore, 
the gaps and the range of working frequencies (15 kHz to 30 
kHz) are determined, as shown in Fig. 3, and the following 
simulations and experiments can then be performed. 
 
3. Results and discussion 
 
With the goal of performing a frequency investigation, a unit 
lattice cell is selected and studied at different frequencies. The 
reflection and transmission coefficients and the refractive in-
dex of a unit cell are calculated as shown in Fig. 4. The trans-
mission coefficient and refractive index decrease with in-
creasing frequency, while the reflection coefficient increases 
[24]. This situation increases the focal length of the acoustic 
lens, but the sound field intensity of one cell decreases. 
 
  
Fig. 4. Relection and transmission coefficients and refractive 
index of a unit cell. 
 
 
Fig.6. Wave intensity magnitude distribution at different 
working frequencies: (a) 16kHz, (b) 20kHz and (c) 24kHz. 
The continuous plane waves are excited and then incident 
from the left-hand side. 
 
Fig. 5(a) shows the total sound pressure field distribution, and 
the wave intensity along the x-axis in the incident wave di-
rection is also plotted, as well as the wave intensity along the 
y-axis in the direction of refraction. Moreover, the continuous 
plane waves are excited and then incident from the left-hand 
side. Fig. 5(b) shows that the intensity magnitude Imag along 
the x-axis decreases with increasing frequency and drops 
faster as it approaches the boundary of the cross structure. 
 
 
Fig. 5. Simulation results of a unit cell with a cross structure using COMSOL: (a) is the total sound pressure field, (b) is the 
wave intensity distribution along the x-direction in the center of the cell, (c) is the wave intensity distribution along the y-
direction at the refractive boundary of the cell, (d) is the average wave intensity of the cell, and (e) is the sound intensity 
magnitude distribution. In (e), the plane wave is incident from the left, with a radiation condition on the right hand side. Rigid 
walls are used for the boundary of the cross structure and the boundaries above and below the calculation area. The area inside 
the green dashed line denotes a single unit cell. (For interpretation of the references to colour in this figure legend, the reader 
id referred to the web version of this article. 
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Fig.7. Configurations of the experiment configuration and measurement systems. The water level is slightly below the top 





Fig.8. Intensity distribution along the x- and y- direction. The lines represent simulation results, and the hollow circles represent 
experimental results. Both results are normalized to their maximum values. 
 
Fig. 5(c) shows that the intensity magnitude decreases with 
increasing frequency, and the closer to the center, the lower 
the sound wave intensity. Therefore, in a phononic crystal of 
this structure, a higher frequency results in a lower average 
sound field intensity Iave (Fig. 5(d)). 
  The focusing characteristics exhibited by a composite 
acoustic lens are mainly achieved by a specific combination 
of unit cells, and therefore, it is necessary to obtain the rela-
tionship between the focusing characteristics of the acoustic 
lens and the working frequency through simulation. Fig. 6 
shows the wave intensity magnitude at three working fre-
quencies, 16 kHz, 20 kHz and 24 kHz, which are in the range 
of predetermined working frequencies (15 kHz-30 kHz). We 
set the lens edge of the incident wave side to the coordinate 
origin of the x-axis and the center of the acoustic lens to the 
origin of the y-axis. It is clearly seen that the peak of wave 
intensity magnitudes at the focal points increases with the fre-
quency, which reaches 7.5 x 10-4 W/m2 in the study (Fig. 6(c)). 
  To validate the simulation results, the experiment aims to 
measure the acoustic wave intensity after passing the lens (see 
Fig. 7). The experimental configuration includes the experi-
mental and measurement systems. In the experiment, the 3D-
printed material of the lens is a composite material, a mixed 
material of PLA (polylactic-acid) and metal powder, and its 
acoustic impedance is approximately 9.5x 106 kg/(m2∙s). The 
transmitting transducer (placed 200 mm from the composite 
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lens in the x-direction) has 64 channels and can transmit ul-
trasonic waves in any direction at a wide range of frequencies 
(only the center channel is utilized to act as a point source); 
another transmitting transducer (also called the receiving 
transducer) can receive ultrasonic waves from all directions. 
To measure the acoustic field at different points, 16 scans 
along the x-direction with 100-mm gaps, and 6 scans along 
the y-direction with 100-mm gaps are performed. The data 
received by each channel are then transmitted to the host con-
troller. Additionally, filtered tap water is used as the host me-
dium in the tank, so for the probes in this experiment, water 
is selected as the officially specified impedance-matching 
medium; therefore, the best measurement results can be 
otained in an underwater system in this work. In the measure-
ment, the received data must be processed on a computer (us-
ing MATLAB) and then shown on a display window. It is 
worth mentioning that the data processing and image display 
processes can be freely available programming. Furthermore, 
all the data should be obtained by scanning in the entire wave-
field area, so a single measurement with a 64- channel probe 
is not enough. Therefore, the entire measurement area must 
first be scanned to obtain all the required data, and then the 
image can be fully displayed.  
Subsequently, the experiment and simulation results are 
shown in Fig. 8 for the same conditions. The distribution of 
the wave intensity along the x-axis is shown in Fig. 8(a) and 
(b) shows the wave intensity along the y-axis. The focal 
length decreases slightly when the operating frequency re-
duces in Fig. 8(a) [22], and the wave intensity magnitudes 
also decrease. Although a single unit cell’s average sound 
field intensity Iave decreases with frequency (see Fig. 5(d)), 
simulation results indicate that most of the energy loss occurs 
behind the focal point’s position (Fig. 8(a)). Therefore, this 
composite acoustic lens can operate within a certain fre-
quency range, and low frequencies can reduce the sound in-
tensity.  
  Note that the focal lengths at different frequencies are 
nearly the same in the simulation and the experiment, and 
there is almost no error in the focal length [22]. This is be-
cause in the experiment, the acrylic plate on the top of the 
rods is removed, and the bottom plate is designed to be as 
small as possible to minimize edge diffraction. Furthermore, 
the position of the sound source is set to be relatively close 
(200 mm) to the lens, so most of the energy passes through 
the middle of the lens, thus avoiding the reflection of the top 
and bottom surfaces. Fig. 9(a–c) are experimental images 
(also discussed in our previous studies) [25,26], and we 
smoothed the data so that it can be displayed in high resolu-
tion. Since the difference of parameters between numerical 
and experimental models are minimized in this work, and we 









Fig.9. Experiment images at working frequencies of 16kHz, 
20kHz, and 24kHz. 
 
4. Conclusions 
To conclude, we studied new composite acoustic lenses with 
‘‘+”-shaped cells at different working frequencies. A simula-
tion and experiment in an underwater system are carried out 
in this work and show good agreement, as measurement er-
rors are minimized. We find that although the wave intensity 
of a single unit cell decreases as the frequency increases, in 
an acoustic lens, the intensity of the sound field at its focal 
point increases with frequency. This is because most of the 
energy loss is in areas far from the focal point. Moreover, the 
reason why the focal length decreases with the increasing 
working frequency is that the value of the refractive index is 
inversely proportional to that of the frequency. We expect that 
the results of this paper will provide a new design methodol-
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